Thelytokous Wolbachia-infected Trichogramma spp. are widely used egg parasitoids against lepidopteran pests in biological control programs. Wolbachia may manipulate host wasps for superparasitism and is sensitive to temperature. To explore effects of temperature and superparasitism, we compared fitness parameters and Wolbachia-mediated phenotype of thelytokous Wolbachiainfected Trichogramma dendrolimi between those emerging from superparasitised or single-parasitised hosts at 17, 21, 25, or 29 °C. Infected mothers of T. dendrolimi showed reduced superparasitism and parasitism increased with temperature. Wolbachia titre decreased with temperature when females emerged from singly-parasitised hosts, but there was no correlation in superparasitised hosts. Females showed higher Wolbachia titres at 21, 25, or 29 °C when developing from superparasitised hosts. The daily male ratio of offspring increased with temperature, and the day-age threshold for 5%, 50%, or 95% daily male ratio decreased with temperature in both parasitism forms. Females that emerged from superparasitised hosts had a shorter life span and reduced fecundity. These results indicate that Wolbachia may affect host behaviour by increasing superparasitism to enhance its spread, but this has negative effects on thelytokous Wolbachia-infected T. dendrolimi.
Due to the interaction of Wolbachia and their host wasps, the biological characteristics of thelytokous Wolbachia-infected Trichogramma may be strongly influenced by both abiotic and biotic factors. Temperature can cause variations in Wolbachia titres, which then influence Wolbachia-mediated phenotype. Reduction of Wolbachia titre and/or reduced penetrance of hosts can occur under high 13, 14 or low temperatures 13, 15 . In field conditions, thelytokous Trichogramma may encounter fluctuating temperature in a day or across seasons, and Wolbachia and its host manipulation may be accordingly affected. In addition, host egg resources are often limited in certain seasons. Trichogramma females may remain on one host egg mass and lay more eggs in a host, resulting in superparasitism [16] [17] [18] , because leaving the egg mass would mean an added risk of failing to find a new one. In superparasitised host eggs, parasitoid offspring may compete for resources and often show delayed development, lower fecundity, smaller body size, and higher mortality 19, 20 . Therefore, superparasitism is often viewed as maladaptive for the wasps 21 . However, recent studies have shown that Wolbachia can be transmitted both vertically from mother to offspring and horizontally from offspring to offspring when they share the same host egg [22] [23] [24] . The potential of horizontal transmission implies a positive effect of superparasitism for the spread of Wolbachia. However, little is known about the effects of superparasitism on the interactions between Wolbachia and Trichogramma and on the effects of temparature.
Trichogramma dendrolimi Matsumura is widely used against multiple species of lepidopteran pests in fields across low latitude to high latitude regions 25, 26 , making it likely to encounter a wide range of thermal conditions 11, 27, 28 . T. dendrolimi females usually deposit only one egg in a host egg of Corcyra cephalonica Stainton (Lepidoptera: Pyralidae) during a single oviposition event, but can also deposit more than one egg during multiple oviposition events, resulting in superparasitism 29, 30 . Since determination of superparasitism in C. cephalonica is straightforward, we used its eggs in this study.
In this stdy, the female wasps were supplied with C. cephalonica eggs at 17 °C, 21 °C, 25 °C, and 29 °C, respectively. We determined single-parasitism and superparasitism rates in host eggs based on the number of offspring per egg. Following this, host eggs were reared until wasp emergence, and the penetrance of Wolbachia-mediated parthenogenesis and fitness parameters of T. dendrolimi offspring were evaluated at each temperature and parasitism form.
Results
Parasitism rate and probability of superparasitism. Parasitism rates were significantly influenced by temperature (χ 2 = 18.62, P < 0.001; Fig. 1a ). The parasitism rate at 17 °C (mean = 66.00%) was the lowest, and significantly lower than that at 21 °C (mean = 90.00%, P < 0.001), 25 °C (81.00%, P = 0.025), or 29 °C (82.00%, P = 0.016; Fig. 1a ). The probability of superparasitism was also significantly influenced by temperature (χ 2 = 10.95, P = 0.54; Fig. 1b ). The probability of superparasitism at 29 °C (mean = 18.29%) was the lowest, and significantly lower than that at 21 °C (32.10%, P = 0.031), 17 °C (35.56%, P = 0.0024), or 25 °C (42.42%, P = 0.048; Fig. 1b ).
Daily male ratio, daily incidence rate of intersex, and Wolbachia titre. Daily male ratio was significantly influenced by the interaction between temperature and day-age of females (F 3,2248 = 22.41, P < 0.001), but was not influenced by parasitism form (F 1,2248 = 2.38, P = 0.12). Although daily male ratio increased with day-age of females at different temperature conditions, the increasing rate at 17 °C was significantly lower than that at 21 °C (z = 6.62, P < 0.001), 25 °C (z = 5.41, P < 0.001), or 29 °C (z = 7.29, P < 0.001), and the increasing rate was not different among 21 °C, 25 °C, or 29 °C (Fig. 2) . The day-age threshold for 5%, 50%, and 95% daily male ratio decreased with temperature in both parasitism forms (Fig. 2 ). Daily incidence rate of intersex was not influenced by temperature (F 3,2250 = 2.52, P = 0.056), parasitism form (F 1,2248 = 0.48, P = 0.49), or day-age of females (F 1,2248 = 1.99, P = 0.16; Fig. 3 ).
Wolbachia titres of females were significantly influenced by the interaction between parasitism form and temperature (F 1,112 = 14.37, P < 0.001). Titres significantly decreased (coefficient ± SE: −0.054 ± 0.011, t = 5.12, P < 0.001) with temperature when females emerged from single-parasitised hosts, but they were not correlated (−0.0057 ± 0.0069, t = 0.83, P = 0.41) with temperature when females emerging from superparasitised hosts ( Fig. 4 ). In addition, Wolbachia titres of females emerging from superparasitised hosts were significantly higher than those of females emerged from single-parasitised hosts at 21 °C (z = 5.31, P < 0.001), 25 °C (z = 5.86, P < 0.001), or 29 °C (z = 6.69, P < 0.001), but the difference was not significant at 17 °C (z = 0.86, P = 0.39; Fig. 4 ).
Fitness parameters of T. dendrolimi. Daily numbers of parasitised eggs were significantly influenced by day-age of females (F 1,2248 = 322.37, P < 0.001), temperature (F 3,2248 = 169.38, P < 0.001), and parasitism form (F 1,2248 = 144.49, P < 0.001). Daily numbers of parasitised eggs significantly decreased with day-age of females (Coefficient ± SE: −0.44 ± 0.030, z = 14.53, P < 0.001). We also found that daily numbers of parasitised eggs in single-parasitism form were significantly higher (z = 7.33, P < 0.001) than those in superparasitism form ( Fig. 5 ).
Female fecundity was significantly influenced by temperature (F 1,235 = 56.02, P < 0.001) and parasitism form (F 1,235 = 159.01, P < 0.001), but not by the interaction of temperature and parasitism form (F 1,235 = 1.65, P = 0.20). Fecundity of females emerging from single-parasitised hosts (mean ± SE: 80.76 ± 3.56 eggs) was significantly higher (z = 11.90, P < 0.001) than in females emerging from superparasitised hosts (36.99 ± 3.39 eggs). In addition, female fecundity correlated with increasing temperature (t = 7.40, Pseudo R 2 = 0.46, P < 0.001). The optimum temperature for fecundity calculated by GLM regression was 23.12 °C (Fig. 6a,b ). www.nature.com/scientificreports www.nature.com/scientificreports/ Emergence rate of offspring was significantly influenced by temperature (F 1,223 = 53.22, P < 0.001) and parasitism form (F 1,223 = 12.98, P < 0.001), but it was not influenced by interaction of temperature and parasitism form (F 1,223 = 1.32, P = 0.25). The emergence rate of offspring in single-parasitism (mean ± SE: 82.59 ± 0.35%) was significantly lower (z = 4.23, P < 0.001) than in superparasitism (90.44 ± 0.57%). Like fecundity, emergence rates of offspring also showed a quadratic correlation with increasing temperature (z = 8.46, Pseudo R 2 = 0.52, P < 0.001). The optimum temperature for emergence was 23.87 °C ( Fig. 6c,d ).
Female development time was not influenced by parasitism form (F 1,237 = 0.77, P = 0.38) or interaction of parasitism form and temperature (F 1,237 = 0.30, P = 0.59), but it was significantly influenced by temperature (F 1,237 = 4920.98, P < 0.001). Development time of females significantly decreased with temperature (Coefficient ± SE: −0.008 ± 0.005, t = 15.03, Pseudo R 2 = 0.93, P < 0.001; Fig. 6e ,f).
Cox proportional hazard models showed that death risk for female wasps at different day-age was significantly influenced by temperature (χ 2 = 55.83, P < 0.001) and parasitism form (χ 2 = 48.95, P < 0.001), but not by interaction of temperature and parasitism form (χ 2 = 2.16, P = 0.54). Death risk of female wasps emerging from single-parasitised hosts was significantly lower (z = 7.17, P < 0.001) than in those emerging from superparasitised hosts ( Fig. 7b ). We also found that death risk of female wasps significantly increased with temperature (z = 4.53, P < 0.001; Fig. 7a ).
Discussion
Wolbachia-infected mothers of T. dendrolimi showed a higher parasitism rate and lower proportion of superparasitism at higher temperatures, and Wolbachia titres decreased with temperature in normal conditions. Therefore, the effect of temperature on parasitism behaviour might be related to Wolbachia titres. As in previous studies 12, 31, 32 , our results showed that T. dendrolimi females declined in fitness when produced by superparasitism, showing shorter life span and reduced fecundity. www.nature.com/scientificreports www.nature.com/scientificreports/ Superparasitism is often viewed as maladaptive for wasps due to this reduced fitness 12, 21, 31, 32 . The outcome of the intrinsic competition in superparasitised hosts depends on the usage strategy of different parasitoid species 18 . For solitary parasitoids, which always only allow the survival of a single offspring individual, the parasitoid larvae often destroy competitors through physical attack or physiological suppression. However, a resource-sharing strategy is often observed in gregarious parasitoids, which can allow the survival of more than one offspring individual 18 . T. dendrolimi can deposit a clutch of several to hundreds of eggs in a relatively large host egg, but deposits only one egg in a small host egg 29, 33, 34 . Therefore, this species can be viewed as a facultatively gregarious 35 and their offspring often survive in the superparasitised host egg though fitness decline. To avoid superparasitism, females can detect and discriminate host quality before depositing eggs and can label the host with host marking pheromone (HMP) after oviposition 21, 36 . However, infected females show a lower host discrimination www.nature.com/scientificreports www.nature.com/scientificreports/ ability 11, 23, 37 . Because they may be unable to recognise host eggs parasitised by other wasps, they are more likely to lay their own egg clutches, resulting in superparasitism. We also found that females showed a lower rate of superparasitism with lower Wolbachia titres induced at high temperature, possibly due to Wolbachia inducing memory loss in infected females. Infected wasps often show reduced memory duration, and may "forget" information on host quality or previously parasitised eggs 37 . This hypothesis is supported by studies showing that Wolbachia can invade the brain and replicate rapidly in the central nervous system of its host 38, 39 . Based on this, we suggest that Wolbachia may manipulate host behaviour to enhance its spread. First, if infected females oviposit an egg in a host egg that has been parasitised by uninfected females, this may provide Wolbachia an opportunity for transmission from infected to uninfected offspring 24 . Second, it is possible that females remaining and re-parasitizing hosts is a better strategy than leaving the host egg patch 21 . Superparasitism occurs more often when unparasitised hosts are rare (egg limited model) and when short-lived females have many mature eggs (time-limited model) 19, 40 , with both outcomes yielding a greater number of offspring. Considering the short life span and limited flight capacity of Trichogramma females, they may not prefer to waste progeny eggs when the host resource is limited. In field conditions, when the host egg is limited in certain seasons, infected females can produce more infected offspring despite a decrease in their fitness. Therefore, superparasitism may have several potential positive impacts for use in biological control programs. For instance, total fitness may increase in the superparasitised host as the total number of offspring reaches a maximum, even though the fitness of individual progeny declines 21 . In addition, when host eggs are limited in fields, females save time in searching and handling hosts during their short life span. Females may produce sufficient offsprings through superparasitism 21 , thereby minimizing "wastage" of female eggs and hosts. However, superparasitism may be not a favorable factor for the application of egg parasitoids against pests, as some healthy host eggs will remain in the field, and then hatch. Infection by Wolbachia and its lower fitness may appear unfavorable even though all individuals are females, because a non-infected female is expected to destroy more eggs.
Our results also showed increased Wolbachia titre in females emerging from superparasitised hosts compared to those emerging from single parasitism. In superparasitised hosts, offspring share and compete for host nutrition due to crowding. Similar increases in Wolbachia titre have been found in other host organisms 41 . In contrast, crowding may decrease Wolbachia titres 41, 42 . For our result, a potential explanation is that the immune response to infection may be energetically costly, with a trade-off existing between immune ability and other aspects of fitness in superparasitism conditions. Wolbachia may therefore quickly invade and replicate in the ovary or other tissues of host females in order to minimise immune responses 43, 44 . In addition, higher Wolbachia titres may increase the probability of horizontal transmission from infected to uninfected host offspring in shared host eggs in superparasitism conditions. This possibility should be further investigated.
We found that the daily male ratio of offspring increased with temperature regardless of whether mothers emerged from singly parasitised or superparasitised hosts, and that the day-age threshold for 5%, 50%, and 95% daily male ratio decreased with temperature in both parasitism forms. Altered male ratios are often linked to variation of Wolbachia titres in females, and the reduction of Wolbachia density in high temperature has been observed in a number of studies 9, 31, [45] [46] [47] . Stouthamer suggested that reduced Wolbachia titre might inhibit the process of gamete duplication during the egg's first mitotic division 32 , so that an increase in the production of males can be induced by the reduced Wolbachia titre as influenced by increasing heat 17, 47 .
Interestingly, in superparasitism conditions, though Wolbachia titres did not decrease with temperature, the daily male ratio of offspring and the day-age threshold still increased with temperature. Other studies have also shown that reduced Wolbachia titres may not always be correlated with Wolbachia-mediated phenotypes 9, 48 . The final determinant of successful parthenogenesis induction of may be determined by Wolbachia titres as well as an unknown factor of Wolbachia that needs to be of sufficient level. Zchori-Fein et al. hypothesized this mechanism www.nature.com/scientificreports www.nature.com/scientificreports/ as the sex-ratio changes in a pupal parasitoid wasp, Muscidifurax spp 48 . This has been also hypothesized as the mechanism for inducing cytoplasmic incompatibility between sperm and ovum induced by Wolbachia, wherein sperm do not contain Wolbachia, but are modified by Wolbachia-derived proteins [49] [50] [51] . As such, disruption of Wolbachia-derived protein expression may be induced by environmental stressors. The expression of Wolbachia-derived proteins under various conditions should be evaluated in order to help identify a threshold level for successful induction of parthenogenesis in the future.
In this study, we found an increase in the daily male ratio with age of females. A reduction in transmission efficacy and poor host manipulation of Wolbachia in older females has been similarly reported in other studies 17, 50, 52 . Lindsey and Stouthamer suggested that the reproductive rate might mediate the level of male production in thelytokous Trichogramma. After long-playing constant oviposition, Wolbachia populations could continually be transferred from somatic tissues to the germline to ensure high titres in infected eggs 17 , resulting in lower whole-body titres. By this process, females would produce more males as Wolbachia titres decreased with the age of females. Under natural conditions, male production might depend on resources in the altered host 50, 53 . When the number of host eggs is limited, wasps are unable to parasitise host eggs continuously. As such, the male ratio may remain at lower levels as access to host eggs is limited. However, when host eggs are constantly available for females, females can quickly find more host eggs in their early adult life, and can lay eggs continuously, leading to the production of more males. To avoid the too high male ratio of Trichogramma production in mass rearing, we suggest the duration for parasization of thelytokous Wolbachia-infected Trichogramma spp should be controlled and limited within five days since females emerged.
Similar to most studies [54] [55] [56] , we also found Trichogramma offspring achieved maximum fitness at an intermediate temperature and their development rate increased with temperature. Though Trichogramma offspring gain maximum fitness at an an intermediate temperature with a relatively low growth rate, the slow growth-high mortality hypothesis (SG-HG) predicts that slower growing larvae suffer greater mortality due to prolonged exposure to natural enemies in field conditions 57, 58 . Nevertheless, Bergant & Trdan 59 argued that the effects of temperature, based on laboratory experiment, may suffer from a great amount of uncertainty in practice. Trichogramma wasps are small insects that are easily affected by dramatic temperature fluctuations. In this study, to exclude effects of the thermal background of laboratory conditions, the T. dendrolimi populations were divided into four groups and reared at 17 °C, 21 °C, 25 °C, or 29 °C for ten generations, respectively.
In conclusion, our study provides more evidence that host manipulation by Wolbachia may affect parasitic behaviour of infected wasps Wolbachia may affect host behaviour by increasing superparasitism to enhance its spread, but this has negative effects on thelytokous T. dendrolimi. Given the interest in applying Wolbachia as a tool to improve the characteristics of the biological control agents against pests, it is critical that we understand the context-dependent nature of Wolbachia mediated phenotypes of host insects, and how these results in different selective pressures for the association between Wolbachia and their hosts. We believe that these findings have implications for applying thelytokous T. dendrolimi for pest control in various geographical locations.
Material and Methods
Insects. The thelytokous isofemale line of T. dendrolimi and its hosts C. cephalonica were maintained by the Pest Biological Control Laboratory at Shenyang Agricultural University. Both species were reared in glass tubes (diameter, 12 mm; height, 100 mm) closed by a cotton plug under 24 ± 1 °C, 70 ± 5% RH, and 16:8 h light/dark cycles.
The thelytokous isofemale line of T. dendrolimi was originally obtained from an egg of Dictyoploca japonica Butler (Lepidoptera: Saturniidae) collected from walnut trees (Juglans regia L.) in a forest located in Huairen County, Liaoning Province, China (41°23′N, 125°36′E; Altitude: 400.73 m), in May 2015. Thereafter, the females were reared in laboratory conditions for at least 60 generations. Infection by Wolbachia in females was detected by using forward primer 5′-TGGTCCAATAAGTGATGAAGAAAC-3′ and reverse primer 5′-AAAAATTAAACGCTACTCCA-3′ for the wsp gene of PI-Wolbachia strains 11 . In all generations, females produced nearly 100% female offspring even without mating. Vertical transmission of Wolbachia from mothers to offspring was stable in all generations.
C. cephalonica hosts were reared on a semi-artificial diet. Host eggs were collected in groups of ca. 300 and glued onto a 10 × 10 cm white card with gum arabic for experimental use.
Experimental procedure. To exclude potential effects of the thermal background of laboratory conditions at 24 °C, the infected T. dendrolimi population was divided into four groups and reared at 17 °C, 21 °C, 25 °C, or 29 °C in glass tubes for ten generations. To avoid the effect of superparasitism on mothers, females singly emerged from a host egg were used as mothers. To obtain a sufficient number of superparasitised host eggs, a group of 50 females was supplied with a host egg card with 200 fresh host eggs for 4 h at each temperature treatment, after which the wasps were removed. The host eggs were reared until eggs blackened, which indicated the prepupal stage of Trichogramma offspring; failing to blacken indicated unsuccessful parasitism. The blackened host eggs were cut off gentlely by the graver and transferred singly into a small Durham glass tube (diameter, 6 mm; length, 30 mm) by the pincette, then reared individually until wasps emerged under 24 ± 1 °C, 70 ± 5% RH, and 16:8 h light/dark cycles. After emergence, blackened eggs were dissected under a stereozoom microscope (Olympus, SZX16) to confirm whether eggs contained other Trichogramma offsprings or not. Based on this, parasitism forms were classified as either single-parasitism or superparasitism, where single-parasitism was defined as an egg containing only one T. dendrolimi offspring, and superparasitism was defined as an egg containing at least two T. dendrolimi offsprings. The numbers of superparasitised and single-parasitised host eggs were recorded. T. dendrolimi development time was defined as the time from oviposition to adult emergence. As offspring emerged, females were reared singly in Durham glass tubes (6 mm diameter, 30 mm length) and supplied with a 20% honey solution via a small cotton ball daily. Every female wasp was supplied with a new host egg card with 300 eggs Quantification of wolbachia titres. To determine the Wolbachia titre of female individuals under different temperatures in the two parasitism forms, a group of sixteen female replicates was used in each treatment. Females that emerged within 24 h were used in the experiment.
Absolute quantitative PCR (AQ-PCR) was used to measure Wolbachia titres. Total DNA was extracted from a single female individual using Chelex-100 8, 17 . Specific primers used to determine Wolbachia titres of females were designed based on the sequences of Wolbachia surface protein (wsp) gene (GenBank Accession: MG914000), which is a single copy gene, by Primer 5.0 software and DNAMAN software (forward: 5′-ATGATGTAGCCCCAGAAAT-3′ and reverse: 5′-CACCAAAAGTGTTGTAAAGAA-3′) 60 . A 20-µl qPCR was performed containing 0.5 µl of each primer, 1 µl DNA, 10 µl SYBR Premix Ex TaqTMII (Promega, USA), and 8 µl double-distilled water. A CFX96TM thermocycler (Bio-Rad, USA) was used with the following procedure: 95 °C for 3 min, followed by 40 cycles of 60 °C for 30 s, 65 °C for 5 s, and thereafter increasing 0.5 °C per 5 s to 95 °C. To ensure specificity of amplification, melting curves were generated at the end of each reaction. A standard curve was generated based on the cycle threshold (Ct) reflecting the concentration of the wsp gene, and calculated using a regression equation based on the log-transformed value of the copy number of the wsp gene in different concentrations. Copy numbers of the wsp gene in T. dendrolimi females were determined using the equation
where, Y represents Ct and X represents the log-transformed value of the copy number of the wsp gene.
Data analysis.
Post-hoc pairwise comparisons were made using chi-square tests to examine the probability of superparasitism and the parasitism rate as influenced by temperature. Generalised mixed effects models (GLMMs) were applied to determine the effect of day-age of females, temperature, and parasitism form on daily numbers of parasitised eggs, daily male ratio of offspring, daily incidence rate of intersex, and Wolbachia titres.
To exclude random error from female individuals and their host eggs, the identity of females and their hosts were set as random factors in GLMMs. Based on previous studies and our results showing that the daily male ratio of offspring increased with day-age of females 17 , we calculated the average day-ages of females with 5%, 50%, and 95% male ratio, which respectively indicated the threshold of day-ages that females can be described as beginning to, partly, or nearly completely losing the parthenogenetic phenotype. Wolbachia titres, development time, and fecundity of females and emergence rates of offspring as influenced by temperature and parasitism form were analysed using generalised mixed effects models (GLMs). Cox's 
